Abstract. This paper investigates the potential of utilizing the undeveloped natural gas fields in Malaysia with high carbon dioxide (CO2) content ranging from 28 to 87%. For this experiment, various CO2 proportions by volume were added to pure natural gas as a way of simulating raw natural gas compositions in these fields. The experimental tests were carried out using a 4-stroke single cylinder spark ignition (SI) direct injection (DI) compressed natural gas (CNG) engine. The tests were carried out at 180 o CA BTDC injection timing and 3000 rpm, to establish the effects on the engine performance. The findings revealed that the brake torque decreased by 9% with 20% CO2 proportion in the mixture due to the decrease in the heating value of the mixture. At the same proportion of CO2, the brake specific fuel consumption decreased by about 8.5% and the brake thermal efficiency increased by 9.2%. There was a reduction in the unburnt hydrocarbons (THC) and carbon monoxide (CO) emissions by 15% and 89% respectively, but the NOx emissions increased by 78%. The utilization of natural gas with 20% CO2 content as fuel in DI-CNG engine was found to be viable with insignificant drop in engine performance and with reductions in exhaust emissions.
Introduction
The search for alternative fuels for internal combustion engines with a view to improving the engine fuel economy and reducing harmful exhaust emissions becomes necessary [1] as the energy needs in the transportation sector is growing drastically due to the increase in the number of vehicles. However, fossil fuels, specifically crude oil, being the major sources of energy and fuel for transportation, power generation and other applications are depleting at alarming rates, leading to increases in their prices. Also the increasing consumption of these fuels is causing environmental pollution thereby causing global warming and health related problems. Therefore, dependency on fossil fuels (gasoline and diesel) calls for alternative energy sources for future energy needs. Moreover, with the increasing stringent emission standards continually legislated, alternative fuels are currently being used [2, 3] to tackle the negative resultant effects of environmental pollution such as unburned hydrocarbon (uHC), carbon monoxide (CO) and nitrogen oxide (NOx) among others generated by all sectors.
In lieu of this, extensive research studies have been carried out to determine alternative fuels that are best suited for both spark ignition (SI) and compression ignition engines; and other applications. For spark ignition engines, biogas and syngas [4, 5] have been studied and proved to enhance performance and reduce emissions under appropriate operating condition while for compression ignition engines, seed-oil bio fuels [5, 6] have been examined and found to give similar performance and emissions when compared with conventional diesel fuels, particularly when blended with diesel fuel or emulsified with ethanol or water.
Natural gas is amongst the fast growing component of the world's primary energy consumption because of its availability, abundance and adaptability to the gasoline and diesel engines. Malaysia is endowed with abundant natural gas reserves of 2400 billion cubic metres (84.76 Trillion cubic feet) and thus ranked the 15th largest in the world [7] . However 37 Tcf of these natural gas reserves are non-developed due to the presence of large quantities of CO2 (from 28% to 87%), thus rendering it uneconomically valuable. CO2 capturing from natural gas is seen as an option of utilizing these undeveloped resources. However, there are challenges associated with this technique such as high cost, advanced technology and processes corrosion and high energy demand [8, 9] . This study therefore was focused on increasing the CO2 minimum requirement in the Malaysian natural gas composition from 0.57% to 40% as a way of simulating the natural gas field's composition and at the same time study the effect of high CO2 content-natural gas on engine performance.
The references cited in this research work are mainly biogas related. The reason for the citation is that biogas fuels consist of mainly methane and carbon dioxide which is close to the research work. Experimental studies have been conducted on engines using simulated biogas (natural gas and carbon dioxide) [4, [10] [11] [12] at different compression ratios, engine speeds and equivalent ratios with different composition of carbon dioxide up to 40% addition in the mixture [4] . A diesel engine modified to operate as an SI engine was used to study the effects of enhancing the methane concentration in biogas on the performance, emissions and combustion of the engine [12] . The results of the tests showed that by enhancing the methane concentration in the mixture, there was a significant improvement in the performance and reduction in emissions of hydrocarbons (HC) particularly with lean mixtures. There was a considerable increase in the brake thermal efficiency as CO2 concentration was decreased and thus increased the brake power output. This was due to the increase in the methane concentration and more air intake into the cylinder. Faster combustion and higher temperatures were the consequences. However, with a decrease in the CO2 concentration in the mixture, there was a significant reduction in the HC emissions particularly at lean mixture occasioned by complete combustion.
An experimental investigation was conducted and centered on how the engine performance varied with carbon dioxide content in biogas [10] . In this study, gaseous mixtures of natural gas and carbon dioxide of different compositions were used in a fumigated dual fuel engine to simulate biogas operated engine. From the results of the experiment, it was discovered that the flame temperature of diesel (1723 o C) was high enough to initiate dissociation of CO2 in the mixture into CO and O2. With less than 30% of CO2 in the mixture, the engine performance proved better with lower brake specific fuel consumption (BSFC) and diesel flow rates. This was due to the presence of dissociated CO which accelerated the burning rate of the mixture and the increase in O2 concentration which enhanced the combustion of unburned carbon particles and reduced the ignition delay. However, with more than 30% of CO2 in the mixture, CO2 remained undissociated and therefore acted as inert gas which reduced the burning velocity of the mixture and thus resulting in an incomplete combustion. However, the operating conditions of biogas or natural gas-carbon dioxide can be optimized [13, 14] and a fast burning engine design could improve performance [4] .
The low engine performance that results when high CO2 is present in a natural gas-carbon dioxide mixture can be overcome as suggested by numerous research results that increasing the compression ratio (CR) is a means of improving the performance of the engine when CO2 is present [5] even though there will be an increase in the emissions of NOx, CO2 and HC. However, NOx emissions are suppressed by the presence of the high CO2 content in the fuel. In a similar work, [13] also reported to have improved the low engine performance, as a result of the increased diluent concentrations in the mixture, by advancing the spark/ignition timing especially when the diluent is carbon dioxide. Injection parameters such as injection timing, injection pressure and injection angle were found to have significant effects on the engine performance and emissions particularly with direct injection system [15] . Among the injection parameters, injection timing was reported to have a significant effect on the engine volumetric efficiency and thus engine performance [16] . The research results of [17] showed that the correct injection timing can increase the engine volumetric efficiency and thus brake power.
The impacts of diluting natural gas with various levels of N2 gas have been investigated on the combustion and emissions using a heavy duty CI direct injection engine [18] . The heavy duty diesel engine was modified for single-cylinder operation and adapted to operate on direct injection of natural gas fuelling. The engine was operated at 1200 rpm using 20% and 40% by volume of gaseous fuel (N2) blended with natural gas. The timing of the gaseous start of injection was fixed at -TDC to 15 o ATDC were used. The results of the study showed that the initial combustion intensity and the peak heat release rate (HRR) were reduced due to lower chemical energy available in the partially premixed charge following ignition. At all the injection timings and with 20% N2 dilution, there was a slight increase in the NOx emissions but however dropped at 40% N2. HC emissions were found to decrease linearly with increasing N2 dilution and for a given quantity of fuel, the emissions reduction was at a constant amount. CO was also observed to decrease significantly with addition of N2 to the fuel at most combustion timings. The mass of total particulate matter (PM) was significantly reduced at most timing.
In summary, the previous studies mainly concentrated on biogas or imitated biogas fueled from the port for a compressed ignition engine and few literatures were also reported to have used carbureted engine. In addition, a literature was reported to have modified a compressed ignition engine to operate direct injection system though with a pilot fuel (diesel). Important parameters were investigated by the previous researchers employing most of these engines fuelled with premixed mixture while in this study, direct injection was employed such that the two gases were introduced simultaneously with no premix. The object of this study was therefore to examine the effect of various proportions of CO2 additions into natural gas on the performance, and exhaust emissions of engines using a SI DI-CNG engine fueled with the mixture under different operating conditions particularly at 180 o CA BTDC injection timing and 3000 rpm engine speed.
Experimental Setup and Procedure
In this research, the experimental work was carried out on a single-cylinder, 4-stroke SI DI-CNG engine. The detailed specifications of the engine are given in Table 1 . The CO2 used in the experiment had a purity of 99%. The schematic diagram and photographs of the experimental setup are shown in Fig. 1(a) and 1(b) respectively. All experimental studies were conducted at the Centre for Automotive Research and Electric Mobility (CAREM) located in the Department of Mechanical Engineering, Universiti Teknologi PETRONAS (UTP). The operation of the engine used for the experimental work was managed and controlled by a PC-based data acquisition and control system. The in-cylinder pressure was measured using a water cooled Kistler piezoelectric pressure transducer. The fuel injection system was designed to accommodate two fuels (CNG and CO2) and to be used with high injection pressure. The CNG and CO2 were supplied through different gas inlets at 18bar injection pressure. Prior to the injection of the fuel mixture into the engine cylinder, a mixing chamber mixed the two fuels from the gas inlets. The flow rate of carbon dioxide was controlled using a CO2 digital mass flow meter with an accuracy of ±1.0% of the full scale and a needle valve. The amount of the injected CO2 was varied by adjusting the needle valve which in turn controlled the flow rate. All tests and measurements were carried out on a CNG DI engine with the injection timing set at 180 o CA BTDC, the air-fuel ratio was set at stoichiometric ratio (λ = 1); while the ignition timing was adjusted to obtain the maximum brake torque. The CO2 proportions (0%, 10%, 20%, 30% and 40% by volume) were added to the CNG while the experiments were performed at an engine speed of 3000 rpm and fully open throttle. Engine parameters such as injection timing, ignition timing and air-fuel ratio were controlled by the ECU Remote Interface (ERI).
Results and Discussion
Performance. With varying proportion of carbon dioxide in the CNG-CO2, experiments were carried out to assess the effect of the mixture composition on the performance of a SI DI-CNG engine. The performance characteristics of the engine are shown in Figs. 2. Fig. 2(a) represents the engine brake torque plotted against the CO2 proportion in the mixture at 180 o CA BTDC injection timing and λ = 1. It was observed that the torque curve showed a decreasing trend as the CO2 proportion in the mixture was increased. This can be explained by the fact that the combustion enthalpy reduced as the CO2 content in the mixture was increased. This thus reduced the burning velocity which in turn affected the engine output. However, it was observed that the decrease in torque from pure CNG for the 10% and 20% CO2 addition to the mixture was 9% compared to other torque values which decreased by 18% and 32% as the CO2 proportion in the mixture was increased to 30% and 40% respectively. Fig. 2(b) illustrates the effect of CO2 proportion in the mixture on the brake specific fuel consumption (BSFC) at 3000rpm engine speed and at λ = 1. Compared with the pure CNG, the BSFC was observed to decrease with the increase in CO2 proportion until about 20% and then started to increase as the CO2 proportions were further increased. The BSFC was noticed to have dropped to the lowest value, about 238.4606 g/kWh (8.5%) when the CO2 proportion was about 20%. It was also noted from Fig. 2(b) that addition of some amount of CO2 to the CNG produced better BSFC as compared to the pure CNG. The explanation to this finding was due to the displacement of CNG by CO2 as it was introduced into the mixture. This thus led to the decrease in the BSFC. Fig. 2(c) shows the brake thermal efficiency (BTE) for the mixtures at 3000 rpm engine speed and λ = 1. The inverse of the BSFC plot is expected to produce the characteristics of the BTE plot. From Fig. 2(c) , it was observed that the BTE values increased with CO2 proportion in the mixture up to about 20% CO2 proportion and thereafter started to decline. The BTE increased by 9.2% at 20% CO2 proportion in the mixture. The explanation for this is that with a higher CO2 proportion above 20%, the heat of combustion was absorbed by both the high specific heat capacity mixture and the cylinder wall; thus led to the decrease in the brake thermal efficiency while the increase could be possibly due to more oxygen availability from intake air and oxygen component of the CO2 dissociation.
Exhaust Emissions. Fig. 3 show the emissions characteristics at 3000 rpm, λ = 1 and at 180 o CA BTDC injection timing for various proportions of CO2 in the mixture. Fig. 3(a) shows the NOx emissions for various CO2 proportions in the mixture. Normally, the NOx emissions should be decreasing as CO2 in the mixture was increasing due to the high heat capacity of CO2 which absorbed the released heat leading to lower combustion temperature. However, the NOx emission showed an increasing trend up till about 20% CO2 proportion by about 78%, thereafter started decreasing. The explanation to this is that the added CO2 to the pure CNG continued to dissociate up to 20% into CO and O atom which increased the combustion enthalpy to aid and hasten the combustion process while it later acted as an inert diluent when the CO2 proportion added was more than 20% (i.e. 30% and 40% CO2), which thus absorbed the released heat in the mixture. Fig. 3(b) shows the plot of the total unburned hydrocarbons (THC) values against CO2 proportion in the mixture. It was observed from Fig. 6 that the THC in contrast to NOx emission decreased as the CO2 proportion in the mixture was increased until about 20% CO2 proportion and thereafter increased as the CO2 proportion was further increased in the mixture. Moreover, with 20% CO2 proportion in the mixture, the THC emission level decreased by about 15% when compared with the pure CNG. Fig. 4 illustrates the CO emission plotted against the CO2 proportion in the mixture. As it can be observed from the figure, there was a significant drop in the CO emission as CO2 proportion in the mixture was increased up till about 20% CO2 proportion and thereafter showed little or no change in the emission values as the CO2 proportion was further increased. CO emission significantly decreased by 89% at 20% CO2 proportion in the mixture. The decrease could be due to the completeness of combustion process as could be seen from Fig. 5 up till about 20% while CO2 effect was seen to produce little or no change in the emissions as CO2 proportion was increased. 
Conclusions
At 180 o CA BTDC injection timing, the effect of high CO2 content-natural gas on the performance characteristics of a DI CNG engine set at stoichiometric air-fuel ratio, MBT, and 3000rpm engine speed was investigated. The results of the tests revealed that the introduction of CO2 into the pure natural gas reduced the heating value of the mixture and thus led to a reduction in the engine output. At about 20% CO2 proportion in the mixture, the drop in the brake torque value was less than 10%. The BSFC was at the lowest value at about 20% CO2 proportion in the mixture while the brake thermal efficiency was highest at the same CO2 proportion. For the exhaust emissions there were significant reductions in the emissions of CO and THC while NOx was on the increase at about 20% CO2 proportion in the mixture.
It can be concluded that the utilization of natural gas with 20% CO2 content as fuel in DI-CNG engine was found to be viable with insignificant drop in engine performance and with reductions in exhaust emissions. These findings, if implemented, will assist sustainable developments in the country through reductions in the consumption of crude oil.
